A B S T R A C T The relation between myocardial tissue cyclic AMP (cAMP) and the vulnerability to ventricular fibrillation was assessed in the isolated perfused rat heart by measurement of ventricular fibrillation threshold (VFT) and vulnerable period duration (VP). Exogenous dibutyryl cyclic AMP (DBcAMP) reduced VFT and increased VP by a concentration-related action whereas exogenous cAMP did not. Theophylline (1.0 mmol/liter) increased the tissue content of cAMP by 58% (P < 0.001) and caused a leftward shift in the concentration-response curve to DBcAMP. An effect of cAMP on VFT and VP could be shown in the presence of phosphodiesterase inhibition by theophylline. 3-1-Adrenergic receptor blockade with atenolol did not alter the concentration-response curve for VFT when DBcAMP was administered. Epinephrine (100 nmol/liter to 1 ,umol/liter) also increased vulnerability to VF; this effect was accompanied by a concentration-related increase in tissue cAMP, but inconsistent changes in tissue ATP, phosphocreatine and potassium. The concentration-response curve of VFT to epinephrine was shifted leftward by theophylline and rightward by atenolol.
A B S T R A C T The relation between myocardial tissue cyclic AMP (cAMP) and the vulnerability to ventricular fibrillation was assessed in the isolated perfused rat heart by measurement of ventricular fibrillation threshold (VFT) and vulnerable period duration (VP) . Exogenous dibutyryl cyclic AMP (DBcAMP) reduced VFT and increased VP by a concentration-related action whereas exogenous cAMP did not. Theophylline (1.0 mmol/liter) increased the tissue content of cAMP by 58% (P < 0.001) and caused a leftward shift in the concentration-response curve to DBcAMP. An effect of cAMP on VFT and VP could be shown in the presence of phosphodiesterase inhibition by theophylline. 3-1-Adrenergic receptor blockade with atenolol did not alter the concentration-response curve for VFT when DBcAMP was administered. Epinephrine (100 nmol/liter to 1 ,umol/liter) also increased vulnerability to VF; this effect was accompanied by a concentration-related increase in tissue cAMP, but inconsistent changes in tissue ATP, phosphocreatine and potassium. The concentration-response curve of VFT to epinephrine was shifted leftward by theophylline and rightward by atenolol.
The increases in vulnerability to fibrillation in the isolated perfused rat heart, in response to DBcAMP, theophylline or epinephrine, could be related more closely to changes of tissue cAMP than to effects on tissue high energy phosphates or potassium. The effect of epinephrine and theophylline on vulnerability to ventricular fibrillation is mediated via alterations in the intracellular level of cAMP in the isolated perfused rat heart.
INTRODUCTION
Primary ventricular fibrillation in the early phase of myocardial infarction is thought to occur because of the combination of electrical instability and an altered myocardial vulnerability. Vulnerability to ventricular fibrillation increases within minutes of coronary artery occlusion in the dog (1) (2) (3) . The catecholamines may play an important role in the mediation of changes in ventricular vulnerability. Increased release of catecholamines in the setting of acute myocardial ischemia is associated with ventricular arrhythmias in dogs (4) and in patients (5) while 8-adrenergic receptor blockade (6) and sympathetic denervation (7) exert a protective effect against ventricular arrhythmias in the dog with coronary occlusion.
A possible biochemical basis for the development of early ventricular fibrillation after coronary artery ligation in baboons was suggested by the finding that the content of cyclic AMP in ischemic myocardium rose 5-20 min before the onset of ventricular fibrillation (8) . Administration of dibutyryl cyclic AMP reduced the ventricular fibrillation threshold and increased the duration of the vulnerable period in the isolated perfused rat heart (9) . A cAMP-linked action whereby catecholamines cause alterations in ventricular vulnerability to fibrillation has been suggested (10) .
The present study was designed to explore in detail the relationship between myocardial tissue cAMP content and ventricular vulnerability in the isolated perfused rat heart, a model devoid of anesthetic and extrinsic neurogenic influences. The pharmacological characteristics of the action whereby exogenously administered DBcAMP lowers the ventricular fibrillation threshold were defined and compared with the actions elicited by increasing intracellular cAMP endog-enously, either by stimulation with epinephrine or by inhibition of phosphodiesterase with theophylline. The effects of theophylline and epinephrine on the ventricular fibrillation threshold and the vulnerable period duration correlated best with the influence of these agents on tissue cAMP but not with changes in levels of high energy phosphate compounds nor of tissue potassium.
METHODS
Ventricular fibrillation threshold (VFT)' and vulnerable period duration (VP) were estimated in the isolated perfused rat heart as described (11) . Male Long-Evans rats, 180-250 g, were anesthetized with ether and given 100 U heparin i.v. Hearts (wet weight 0.9-1.1 g), with atria intact, were rapidly excised, arrested in ice-cold perfusate solution and mounted on a Langendorff apparatus. Perfusion was retrograde from a reservoir at 100 cm H20 pressure using Krebs-Henseleit buffer (K+ = 5.9 meq/liter) equilibrated with 95% 02 and 5% CO2, at 37°C to maintain pH at 7.4 (substrate 11 mmol/liter glucose).
Continuous electrocardiograms were recorded from one electrode on the metal aortic perfusion cannula, and a 2-cm platinum wire (36 standard wire gauge) soldered to thin flexible insulated copper wire and inserted superficially into the free wall of the right ventricle. Two similar platinum wire electrodes were inserted for electrical stimulation (11) . The cathodal electrode was placed adjacent to the atrioventricular groove in the ventricular muscle while the anode was placed at the apex. Anodal stimulation with square-wave pulses of 2 ms duration were generated by a Grass S 88 physiological stimulator (Grass Instruments Co., Quincy, Mass.). A beat-to-beat trigger was provided by a synchronized output pulse from the ETD channel of an EFM DR 8 recorder (Electronics for Medicine, Inc., White Plains, N. Y.). The stimulating impulse was passed through a Grass constantcurrent unit (Grass Instrument Co.) to a Grass stimulus isolation unit (Grass Instrument Co.) to ensure square-wave impuses with current as constant as possible in the f;ace of possible variations in electrode contact resistance. Recordings were obtained on a Philips Analog 7 Instrumentation magnetic tape recording unit (Philips (Nederland), Bosdijk Geboun, Einthoven, Netherlands). Playback was on to either a Tektronix Type 549 Storage Oscilloscope (Tektronix, Inc., Beaverton, Oreg.) at 500 mm/s for accurate measurement of time intervals or on to an Elema Mingograph ink-writing recorder (Elema-Schonomder, Solna, Sweden) at the paper speed of25 mm/s for definition of arrhythmias. VF was defined as a repetitive arrhythmia with irregular and varying morphology which persisted for more than six cycles (11) .
The VFT was estimated using an initial current of 7.5 mA and systematic stimulation at 2.5 ms intervals across the total duration of the T wave, applying two impulses at each point. The current was increased by 2.5 mA/sweep until VF was obtained. The early limit of the vulnerable period was defined more accurately by retracing to the previous 5 ms division and proceeding at 1 ms intervals until VF was again obtained. The reverse procedure was used to define 'Abbreviations used in this paper: ATP, adenosine triphosphate; cAMP, cyclic adenosine 3'5' monophosphate; DBcAMP, dibutyryl cyclic AMP; EC, effective concentration; VF(T), ventricular fibrillation (threshold); VP, vulnerable period duration. the later limit of the vulnerable period. The current was then reduced by 0.5-mA steps and the limits of the vulnerable period at the threshold current accurately defined. Vulnerable period duration at threshold current was usually 1-2 ms and for purposes of comparison the duration 1 mA above the threshold current was measured. VF invariably terminated spontaneously after 5-10 s in this preparation; when it persisted with the interventions used in this study electrical defibrillation was attempted using a current of 10 mA and up to five isolated shocks but, if this procedure failed, perfusate at 4°C was gently syringed over the heart until arrest occurred. A few seconds after such cold arrest, electrical activity returned in sinus rhythm. A period of 2 min was then allowed for full recovery before stimulation was resumed.
Observations of heart rate and coronary flow were obtained at the beginning and end of each period, the former by measurement of the intervals between complexes recorded on the storage oscilloscope, the latter by collection of the coronary sinus effluent for 30 s into a graduated measuring cylinder.
Chemicals. N6, 2'-O-dibutyryl adenosine 3', 5'-monophosphate (DBcAMP) (98% purity) and 3',5' cyclic adenosine monophosphate (cAMP) as the sodium salt (98% purity) were obtained from the Sigma Chemical Company, St. Louis, Mo.
Epinephrine hydrochloride was obtained as pure crystalline powder from Petersen Manufacturing Chemists, Epping Industria, Cape Town.
Theophylline (1,3-dimethylxanthine) was obtained as the pure crystalline salt from Merck AG, Darmstadt, West Germany.
Atenolol (ICI 66082, 4-[2-hydroxy-3-isopropyl-aminopropoxy]phenylacetamide) was supplied as the pure powder by Imperior Chemical Industries, Pharmaceutical Research Division, Macclesfield, England.
Experimental procedure
After the initial determination of the VFT and the VP duration, the following interventions were used:
Control experiments. Perfusion was sw.itched from the perfusate reservoir to the alternate reservoir with identical perfusate and without the addition of' any agents. After a perfusion period of 15 min, VFT and VP were re-estimated.
The hearts were then freeze-clamped f'or tissue analyses. The possible contribution of the high heart rates achieved with theophylline and epinephrine to the changes in VFT and VP duration was assessed by pacing 15 hearts at rates of 300, 350, and 400/min. Atrial pacing was achieved by insertion of a stimulating electrode into the myocardium of' the right atrium and applying impulses of 3-5 volts and 0.2 ms duration using the second channel of' the S88 stimulator as an impulse generator. Pacing was continued f'or 10 min at each heart rate before estimation of VFT and VP.
Infusion of DBcAMP or of cAMP. Solutions were prepared to deliver amounts of' nucleotide varying betw!een 0.5 and 20 Amol/min and were delivered at a rate of 0.5-1.0 ml/min by a Braun infusion pump (B. Braun Apparatebau, Melsungen, Germany) to a 20-ml capacity bubble trap immediately above the aortic perfusion cannula. Both nucleotides were dissolved in perfuisate and inf'tisions were administered for 15 min before the repeat estimiiation of' the VFT and VP duration. Coronary floy and heart rate were estimated at the beginning and end of' inf'tision periods ancd the terminal value of coronary flow xvas usecl to calculate the concentration of nucleotide reaching the heart. Theophylline administration. Theophylline was dissolved in the perfusate solution by gentle heating ancl contintuouis
Cyclic AMP in Ventricular Vulnerability to Fibrillation 2 stirring, and added to the second perfusate reservoir. Hearts were exposed to theophylline for 10 min before the repeat estimation of VFT and VP was commenced. When theophylline or atenolol was added to DBcAMP or cAMP, a third period of measurement of VFT and 'VP was undertaken while care was taken to ensure uninterrupted infusion of DBcAMP or cAMP. Epinephrine administration. Epinephrine was dissolved in the perfusate and administered by infusion pump to the bubble trap above the aortic cannula, delivering a volume of 0.5-1 ml/min. Solutions were prepared freshly for each experiment and even though experiments were performed in relative darkness, the infusion syringe was wrapped in aluminum foil to minimize possible oxidation of the epinephrine.
In experiments involving the combined administration of epinephrine with theophylline or atenolol, the epinephrine was always administered by infusion whereas the other agents were dissolved in the perfusate in the second reservoir. /3-Adrenergic blockade. Blockade of the f8-1-adrenergic receptors was obtained using the selective blocking agent, atenolol. A concentration of 38 ,umol/liter inhibited the chronotropic effect of 1.0 ,umol/liter epinephrine but had only a slight negative chronotropic action and by itself did not alter VFT or VP.
Tissue analyses. Hearts were rapidly frozen at the end of the experiments by clamping with Wollenberger tongs precooled in liquid nitrogen (12) . The frozen hearts were powdered in a percussion mortar kept under liquid nitrogen. 50-100 mg Aliquots of tissue were then extracted into 1 ml ice-cold 5% (W/W) perchloric acid by using an UltraTurrax blender (Janke & Kunkel, Staufen/Breisgau, West Germany). The extracts were centrifuged for 15 min at 15,000 g and the supernate neutralized with a mixture of four parts 40% (W/W) KOH saturated with KCl and six parts 0.2 M Tris-HCl buffer, pH 7.5. The perchlorate precipitate was removed by centrifugation to yield a clear extract and the metabolites measured directly in these extracts. Tissue ATP and phosphocreatine were measured fluorometrically by the hexokinase/glucose-6-phosphate dehydrogenase reaction. Tissue cAMP was measured by the protein binding assay of Brown et al. (13) . The cAMP assay was verified by use of internal standards and by proof of zero interference by cAMPfree extracts (pretreated with phosphodiesterase). Aliquots of powdered heart tissue were used to determine the dry/wet weight ratio which was used to calculate the fresh weight (fresh weight = dry weight times five, see Opie et al. [14] ).
Tissue potassium content was estimated on extracts of the powdered hearts by flame photometry with lithium as an internal standard.
Statistical procedures
Results are expressed as mean+SEM for number of observations. P values were obtained from Student's t test, unpaired or paired as appropriate, with the two-tailed test as allowance for unequal variances.2
RESULTS

Base-line and control experiment observations
In 70 experiments the mean base-line value of VFT was 7.5+0.4 mA; the VP duration 1 mA above thres-2 Diem K., and C. Lentner, editors. 1970. Scientific Tables. Ciba-Geigy Limited, Basel Switzerland.
hold current was 3.5+0.2 ms; heart rate was 262±4 beats/min and coronary flow rate was 10.6+0.4 ml/min.
In the series of 11 control experiments in which VFT was re-estimated 15 min after switching perfusion from the first to the second perfusate reservoir, no changes in VFT, VP duration, heart rate, or coronary flow rate were observed ( (Fig. 1) . With concentrations of 100 ,mol/liter and higher, a uniform decrease in VFT occurred (Fig. 1) . The increases in VFT seen with the lower concentrations were also in every instance converted into a substantial decrease when theophylline was added to DBcAMP. The alteration in concentration-response relationships for DBcAMP produced by addition of theophylline (1.0 mmol/liter) and atenolol (38 Aumol/ liter) is shown in Fig. 2A Theophylline 1.0 mmol/liter when added to DBcAMP caused a highly significant leftward shift of the concentration-response curve for VFT whereas ,-1-receptor blockade with atenolol did not produce any effect (Fig. 2A) Administration of epinephrine produced changes in VFT, VP, heart rate, and coronary flow rate that resembled the effects of DBcAMP. However, with a perfusate epinephrine concentration of 50 nmol/ liter the tissue cAMP rose but VFT did not fall. At low concentrations of epinephrine, as with DBcAMP, an inconsistent response in VFT was seen; a uniform reduction in VFT and increase in VP duration occurred with higher concentrations (Fig. 1) or when theophylline (1.0 mmol/liter) was added to the epinephrine. An augmentation of the reduction in VFT by theophylline was clearly evident with concentrations of epinephrine up to 100 nmol/liter (Fig. 3) . In the presence of atenolol a decrease in VFT was encountered only with concentrations of epinephrine > 1 umol/liter.
Epinephrine caused concentration-dependent increases in heart rate and coronary flow rate; these effects were potentiated by the addition of 1 mmol/ liter theophylline at low concentrations of epinephrine (<100 nmol/liter) whereas at higher concentrations the response curves coincided. Atenolol inhibited the responses in heart rate and coronary flow rate to epinephrine. Coronary flow rate was markedly reduced by the presence of atenolol together with epinephrine. A reduced coronary flow was found even at a concentration of epinephrine of 10 ,umol/liter at which an increase in heart rate became evident (in the presence of 38 gmol/liter atenolol).
The alterations in tissue levels of cAMP, ATP, and phosphocreatine are shown in Fig. 3 and Table I experiments in the isolated perfused rat heart. In the present study spontaneous arrhythmias, usually selflimited atrial and ventricular tachycardia were encountered during infusion of DBcAMP and epinephrine in 18 hearts. Persistence of VF in the presence of added DBcAMP, epinephrine and theophylline rendered definition of VP duration impossible, except in a few experiments. During the combined administration of theophylline with DBcAMP 500 ,umol/liter, 4 of 10 hearts showed spontaneous VF, while three other hearts had spontaneous ventricular premature extrasystoles or ectopic atrial tachyeardia. During the combined administration of epinephrine and theophylline one heart was freeze-clamped 6 s after the onset of spontaneous VF. The tissue cAMP level obtained was 5.3 nmol-g fresh wt; tissue ATP was reduced to 2.6 ,umol/g fresh wt, but this may have been related to the 6 s duration of VF. Phosphocreatine was relatively well-maintained at 3.7 ,umol/g fresh wt. The unstable electrical status and final persistence of' spontaneous VF in this heart are shown in Fig. 4 .
DISCUSSION
Perfusate cAMP and ventricular vulnerability. We previously found that ventricular vulnerability to fibrillation could be increased by the administration of exogenous DBcAMP to the isolated perfused rat heart (9), and showed that the effects of DBcAMP on ventricular vulnerability could not be related to the butyric acid released by the intracellular deacylation of DBcAMP. We now examine the relation between tissue cAMP changes and the VFT and VP. The sigmoid form of the concentration-response curve (EPINEPHRINE 100 nmolIliter + THEOPHYLLINE 1.0 mmol /liter) TISSUE cAMP 5.3nmol/g fresh wt.
PAPER SPEED 25mm/s 1 i ATP 2. 6pmol /g fresh wt.
ii PHOSPHOCREATINE 3.7 imol/g fresh wt.
FIGURE 4 Recurrent and finally persistent VF occurring spontaneously in a rat heart subjected to stimulation with epinephrine (100 nmol/liter) and theophylline (1. A clear dissociation could be shown between the effects of cAMP on coronary flow rate and on VFT; the former effect was found at low concentrations of cAMP and presumably did not require myocardial cell penetration, which appeared to be obligatory for effects on VFT.
The effect of DBcAMP on ventricular vulnerability was not related to alterations in heart rate and was furthermore unaffected by atenolol, a ,-i-selective adrenergic blocking agent which acts at a membrane level (16) . This suggests that the action demonstrated for DBcAMP is independent of the p-1-receptor situated at the cell membrane, and is not mediated by locally released catecholamines. Stimulation with incremental concentrations of epinephrine however elicits an agonistic action qualitatively similar to that of DBcAMP; this action is inhibited competitively by atenolol which displaces the concentration-response curve to the right. Atenolol, while inhibiting the reduction of VFT in response to epinephrine also prevented an increase of tissue cAMP.
Correlation of changes in ventricular vulnerability with changes in tissue metabolism. Analysis of these isolated rat hearts subjected to stimulation with DBcAMP, theophylline, and epinephrine showed that the effects of these agonists on vulnerability to fibrillation were not accompanied by metabolic deterioration of the hearts, as assessed by measurement of tissue ATP or phosphocreatine content, but closely followed changes in tissue cAMP. Although a small elevation of tissue phosphocreatine could be shown in epinephrine-perfused hearts, it did not occur in hearts perfused with DBeAMP or theophylline. Alterations in tissue K+ were seen only with epinephrine and were inconsistent. Changes in VFT thus correlated with changes in tissue cAMP, but not with changes in high energy phosphate compounds.
The exact correlation of changes in tissue cAMP with alterations in vulnerability was particularly evident when the concentration-response curve for VFT to epinephrine was displaced to the right by atenolol. The VFT was not reduced until an elevation of tissue cAMP occurred as the competitive blockade was overcome by sufficiently high concentrations of epinephrine. Divergence of antagonism by atenolol for VFT and coronary flow could be shown; at an epinephrine concentration of 10 ,umol/liter the 78% decrease in VFT was accompanied by a 250% increase in tissue cAMP, but coronary flow remained unchanged from the value obtained in control hearts. Changes in tissue cAMP were therefore accompanied by changes in VFT, but not by changes in coronary flow. In the presence of extremely high tissue concentrations of cAMP spontaneous arrhythmias including ventricular fibrillation could be demonstrated and VF induced by electrical stimulation became persistent and refractory to defibrillation in the presence of DBcAMP, theophylline and epinephrine administration.
Satisfaction of the criteria of Sutherland and Robison (17) for cAMP action. The data presented link intracellular cAMP concentrations with arrhythmogenicity. The criteria suggested by these authors for mediation of an action by cAMP are fulfilled: (a) administration of DBcAMP increases ventricular vulnerability by lowering VFT Relevance of these findings. The establishment of regional myocardial ischemia is followed by early and rapid release of catecholamines, mainly epinephrine which can be related to the development of ventricular arrhythmias (4) . Local stimulation of myocardial tissue by epinephrine could permit a rapid increase in tissue cAMP (18) and account for the accumulation of this nucleotide in the myocardium involved by ischemia (19) . In baboons ligation of a coronary artery is followed by a high incidence of early spontaneous VF, the onset of which has been related to an elevation of tissue cAMP in the infarcting myocardium (8) . It has recently been shown, that increased local adrenergic activity measured in terms of tissue cAMP content in the myocardium of the cat with coronary artery ligation, could be documented during the occurrence of ventricular arrhythmias, including ventricular fibrillation (20) . In their study Corr et al. (20) found a marked increase of tissue cAMP as early as 2.5 min after coronary occlusion in cats that went on to develop VF. A rapid reduction of VFT follows the creation of regional myocardial ischemia in the intact dog (1) (2) (3) 21 ). An increase in tissue cAMP could, by the findings of the present study, provide one of the possible mechanisms for this observed reduction in VFT, the consequent increase in vulnerability, and the occurrence of VF in this early phase of experimental myocardial infarction.
The early reduction in ventricular vulnerability can be prevented by the /3-adrenergic agent, propranolol (6) , and by the membrane stabilizing antiarrhythmic agent, lidocaine, provided adequate circulatory levels of lidocaine are obtained (22) . Dogs with coronary artery ligation are effectively prevented from developing VF by /3-adrenergic blocking agents (23) .
The protective effect of these agents is mediated by the ,8-receptor blocking action rather than by membrane stabilization (24) . Although our studies were performed in the absence of myocardial ischemia, they nevertheless relate the protective action of a ,8-adrenergic blocking agent on vulnerability directly to the inhibition of an epinephrine-induced rise in tissue cAMP. Possible mechanisms whereby cAMP alters vulnerability. Mechanisms whereby intracellular cAMP might operate to predispose arrhythmias can be visualized. The ionic currents associated with the plateau of the cardiac action potential are influenced by changes in intracellular cAMP levels (25) . The slow inward Ca2+-dependent current is stimulated by both catecholamines and by DBcAMP (26) ; slow responses can therefore be induced in cells of the ventricular myocardium by catecholamines by increasing cAMP production (and which can be prevented by propranolol), by methylxanthines which inhibit phos-phodiesterase and cAMP breakdown (not inhibited by propranolol) and by DBcAMP as shown by Schneider and Sperelakis (27) . The latter authors suggest that the free intracellular cAMP concentration plays a primary role in the mediation of slow channel induction and the elicitation of slow responses. Tissue cAMP levels correlate closely with membrane permeability to Ca2" ions and with the quantitative aspects of slow Ca2+-dependent currents; consequently Watanabe and Besch (28) suggest that tissue cAMP acts as a modtulator of these slow channels. Slow responses are believed to be involved in the initiation and perpetuation of re-entrant ventricular arrhythmias (29) .
Clinical implications. In the clinical situation, evidence is accumulating for a protective influence of the /-adrenergic blocking agents against the development of sudden death in acute myocardial infarction (30-32) and a possible therapeutic role for these agents is envisaged in the management of the early phase of myocardial infarction, in which lidocaine-like agents have been disappointing according to some researchers (33) . A sustained state of increased vulnerability to fibrillation has been postulated for the propensity of patients with early myocardial ischemia to develop recurrent episodes of fibrillation (34) . The present study links intracellular cAMP to changes in the VFT and conse(luently to vulnerability in rat hearts, and serves to provide a basis for the further exploration for the clinical use of the ,8-adrenergic blocking agents in the early phase of acute myocardial infarction, a situation that remains as a considerable therapeutic challenge.
